The present study showed that miR-421 was overexpressed in NSCLC. • Upregulated miR-421 was associated with a shorter overall survival time of patients with NSCLC. • Bioinformatics analysis revealed miR-421 was involved in transcription, cell cycle, and insulin signaling pathway regulation. • A gain of function assay showed that miR-421 could promote NSCLC cell proliferation and cell cycle progression.
Introduction
Lung cancer has become the main cause of cancer-related deaths worldwide. In the United States, lung cancer is estimated to account for 26% of cancer-related deaths [1] . In China, the mortality of lung cancer has increased by > 4 times during the past 3 decades [2] . Non-small cell lung cancer (NSCLC), including lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), and large cell lung cancer, is the main type of lung cancer and constitutes 80% of lung cancer cases [3] . Despite a series of new diagnostic and treatment strategies developed in anticancer therapy over the past decades, the overall 5-year survival rate of NSCLC remained as low as about 20% [1] . Thus, there is an urgent need to identify novel cancer-specific biomarkers for NSCLC patients, which may be useful to monitor tumor progression and improve NSCLC patients' survival.
MicroRNAs (miRNAs/miRs) are small noncoding single-stranded RNA molecules with 18-25 nucleotides in length. Emerging studies have highlighted the important roles of miRNAs in the tumorigenesis and progression of cancer. Multiple miRNAs have been reported to be involved in lung cancer progression. Certain miRNAs could serve as either tumor promoters or suppressors in NSCLC. For example, Zhang et al. [4] found the tumorinitiating cell-specific miR-1,246 and miR-1,290 acted as crucial drivers for tumor initiation and cancer progression in human NSCLC. MiR-30a suppressed lung cancer progression by targeting SIRT1 [5] . MiR-21 inhibitor restrains cell growth and invasion in NSCLC cells [6] . Exploring the functions of miRNAs in NSCLC could provide useful information to identify novel therapeutic targets for this disease.
Recent studies revealed the important roles of miR-421 in cancer biology. MiR-421 could regulate apoptosis, autophagy, proliferation, metastasis, epithelial -mesenchymal transition, metabolism, and radiotherapy resistance in various types of cancer by targeting different genes, such as TLR [7] , caspase-10 [8] , caspase-3 [9] , MEF2D [10] , PFKFB2 [11] , and FOXO4 [12] . miR-421 was observed to be abnormally expressed in human cancers, including neuroblastomas, breast cancer, liver cancer, and pancreatic cancer. For example, the serum expression level of miR-421 was significantly higher in osteosarcoma patients than those in healthy volunteers [13] . Jiang et al. [14] found that miR-421 was upregulated in human gastric carcinoma than in normal samples [9] . However, the expression pattern and functional roles of miR-421 in NSCLC remain unclear.
In the present study, we analyzed miR-421 expression pattern in NSCLC samples by analyzing public datasets. Furthermore, we performed a bioinformatic analysis to reveal the potential mechanisms of miR-421 in NSCLC. Finally, we conducted experiments to explore the effects of miR-421 on NSCLC cell cycle and proliferation. We thought this study would provide useful information to explore whether miR-421 could serve as a biomarker for NSCLC.
Material and Methods

MiRNA and mRNA Profile DATA Collection
The expression data of miR-421 in NSCLC samples were downloaded from The Cancer Genome Atlas (TCGA, https://tcga-data. nci.nih.gov/tcga/) database. A series of patient clinical features, including age at diagnosis, pathological tumor (T) stage, pathological node (N) stage, and days to the last follow-up, were retrospectively obtained from patient records. All the patients were staged using the 2009 Tumor-Node-Metastasis classification of the American Joint Committee on Cancer/International Union against Cancer.
Cell Culture A549 and H1299 cell lines were obtained from the American Type Culture Collection. A549 and NCI-H1299 cells were cultured in RPMI 1,640 medium supplemented with 10% FBS ExCell Bio (ExCell, China) in a 37 ° C incubator with 5% CO 2 .
Cell Transfection
Synthetic miR-421 mimic (5′-AUCAACAGACAUUAAU-UGGGCGC-3′; 5′-GCCCAAUUAAUGUCUGUUGAUUU-3′) and miR-NC (5′-UUCUCCGAACGUGUCACGUTT-3′) were purchased from MajorBio. miR-421 inhibitor (si-miR-421) and negative control for si-miR-421 (siNC) were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). Cells were seeded at 3 * 10 5 cells/wells in 6-well plates and incubated overnight. Cells were transfected with siRNAs using HG-TransGene transfection reagent (Genomeditech). Forty-eight hours later, RNA was extracted to detect the transfection efficiency.
RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction
Total RNA for reverse transcription (RT)-quantitative polymerase chain reaction (qPCR) was extracted using TRIzol (Invitrogen) according to the manufacturer's instructions. RT was performed with PrimeScript reagent kit (TAKARA, Japan) following the manufacturer's instructions. miR-421-specific RT primer was 5′-GTCTCCTCTGGTGGAGGGTCCGAGGTATTCCCAC-CAGAGGAGACGCGCCC-3′. For analysis of microRNA expression, RT-qPCR was performed using AceQ qPCR SYBR Green Master Mix (Vazyme, China) on the LightCyclerR 480 (Roche, Switzerland). The expression level of miR-421 was normalized to U6. The PCR primers for mature miR-421 (5′-GCGCGGATC-AACAGACATTAATT-3′; 5′-GTGCAGGGTCCGAGGT-3′) and normalizer U6 (5′-CGCTTCGGCAGCACATATACTAA-3′; 5′-TATGGAACGCTTCACGAATTTGC-3′) were designed and pur-Li/Chen/Zeng Med Princ Pract 2020;29:80-89 82 DOI: 10.1159/000503020 chased from HuaGene (HuaGene, China). Relative miRNA expression was calculated using the 2 -ΔΔCt method [15] . Each sample was assayed in triplicate to ensure quantitative accuracy.
Cell Proliferation Assay
Six thousand transfected cells were seeded in 96-well plates at a final volume of 100 µL medium/well. Proliferation rate was assessed at 0, 24, 48, 72, and 96. Cell viability was quantified by adding 10 µL Cell Counting Kit (Dojindo, Japan) according to the manufacturer's protocol. After a 1.5-h incubation, the plates were monitored at specific time points using a PowerWave XS Microplate reader (BioTek, Winooski, VT, USA), which measured absorbance at 450 nm. The absorbance at 630 nm was used as a reference. Each experiment was performed at least in triplicate.
Cell Cycle Assay
Transfected A549 and H1299 cells in the log phase of growth were collected and fixed in 0.03% Triton X-100 and propidium iodide (50 ng/mL) for 15 min. For the cell cycle analysis, the transfected cells were examined with a fluorescence-activated cell sorting flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed with ModFit software (Verity Software House, Topsham, ME, USA). Each test was performed in triplicate.
Bioinformatics Analysis
Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses were applied to determine the biological roles of miR-421, based on the online DAVID 6.8 online suit [16] (https://david.ncifcrf.gov/). The p value (Hypergeometric-p value) denoted the significance of the pathway correlated to the conditions. The recommend p value cutoff is 0.05.
Statistical Analysis
The numerical data of cell proliferation and cell cycle were presented as the mean ± SD. All experiments are repeated at least 3 times. Statistical comparisons between groups of normalized data were performed using t test or Mann-Whitney U test according to the test condition at 5% level of significance (i.e., p < 0.05).
Results
MiR-421 was Upregulated in NSCLC
In this study, we downloaded TCGA LUAD and LUSC data to evaluated the expression pattern of miR-421 in NSCLC. Our results showed that miR-421 was upregulated in LUAD and LUSC tissues compared with nontumor tissues by analyzing TCGA datasets ( Fig. 1a, b ). Next, we analyzed a GEO dataset, GSE102286, which included 88 paired lung cancer samples. We observed a significant increase of miR-421 expression in NSCLC compared to normal tissues ( Fig. 1c ).
Furthermore, we evaluated the association of miR-421 expression levels with clinical features. As shown in Figure 2 , we found miR-421 expression level was overexpressed in patients with N1 + N2 + N3 + Nx (p < 0.05) NSCLC compared with N stage in both LUAD ( Fig. 2a ) and LUSC (Fig. 2b ). We also found that miR-421 expression levels were overexpressed in patients with T2 + T3 + T4 (p < 0.05) NSCLC compared with T1 NSCLC in both LUAD ( Fig. 2d ) and LUSC ( Fig. 2e ). Moreover, we ob- Kaplan-Meier method was performed to further investigate the prognostic value of miR-421 in NSCLC. As demonstrated in Figure 3 , compared with patients with higher miR-421 expression, the overall survival and disease-free survival rates were higher in patients with lower miR-421 expression in TCGA LUAD and LUSC dataset. These results suggested the prognostic roles of miR-421 in NSCLC.
Molecular Function Analysis of miR-421 Furthermore, we performed a bioinformatics analysis for miR-421 to explore its potential mechanisms in NSCLC by using its targets. Two miRNA targets prediction websites were used, including TargetScan [17] and starbase [18] (Fig. 4b) . A total of 260 targets of miR-421 were used to perform the gene ontologies categories analysis.
According to our analysis, we found that miR-421 was associated with transcription, protein mono-ubiquitination, positive regulation of translational initiation, liver development, positive regulation of G1/S transition of mitotic cell cycle, and negative regulation of translation (Fig. 4a ). Molecular function assay showed miR-421 was involved in chromatin binding, poly(A) RNA binding, DNA binding, ubiquitin protein ligase binding, transcription factor activity, and nucleotide binding (Fig. 4c ). Kyoto Encyclopedia of Genes and Genomes pathway analysis suggested miR-421 was mainly enriched in longterm potentiation, insulin signaling pathway, ubiquitinmediated proteolysis, oocyte meiosis, oxytocin signaling pathway, neurotrophin signaling pathway, signaling pathways regulating pluripotency of stem cells, glucagon signaling pathway, proteoglycans in cancer, and mito- gen-activated protein kinase (MAPK) signaling pathway (Fig. 4e ). The targets of miR-421 involved in regulating insulin signaling pathway and the MAPK signaling pathway were shown in Figure 4d and f.
Overexpression of miR-421 Promoted NSCLC Cell Proliferation
Aiming to evaluate the functions of miR-421 in NSCLC, we transfected A549 and H1299 cells with miR-421 mimics. We observed a significant increase of miR-421 gene expression in the transfected cells ( Fig. 5a-b) . To explore the potential effects of miR-421 on the proliferation of NSCLC, we performed the Cell Counting Kit assay and observed overexpression of miR-421 significantly promoted the proliferation of A549 (Fig. 5e ) and H1299 cells (Fig. 5f ). Moreover, we knockdown the expression of miR-421 in NSCLC cells and found that inhibition of miR-421 suppressed proliferation of A549 ( Fig. 5c , g) and H1299 cells (Fig. 5d, h) .
We then assessed the function of miR-421 on cell cycle profile of H1299 cells. Flow cytometric analysis revealed that overexpression of miR-421-3p in H1299 cells significantly promoted cell cycle progression by decreasing the proportion of cells in G1 phase and increasing the proportion of cells in S phase (Fig. 5i ). Taken together, these results suggested miR-421 promoted NSCLC proliferation by inducing G1-phase cell cycle arrest.
Overexpression of miR-421 Suppressed Insulin and MAPK-Signaling Regulators
In order to explore the mechanisms of miR-421 underlying NSCLC progression, we detected the effect of miR-421 on insulin and MAPK-signaling regulators, including HK1, RAPGEF2, TRAF6, and RPS6KA3. As shown in Figure 6 , we observed overexpression of miR-421 significantly suppressed the expression of HK1, RAPGEF2, TRAF6, and RPS6KA3 in A549 and H1299 cells. Moreover, we evaluated the association among miR-421 and these regulators in NSCLC samples. Our analyses showed that miR-421 expression was negatively correlated to the expression of HK1, RAPGEF2, TRAF6, and RPS6KA3 in NSCLC samples using TCGA dataset.
Discussion
In this study, we investigated the expression pattern of miR-421 in NSCLC. We found that miR-421 was significantly upregulated in lung cancer by analyzing TCGA and GEO datasets. Overexpression of miR-421 promoted NSCLC proliferation. Bioinformatics analysis revealed that miR-421 was involved in regulating transcription, protein mono-ubiquitination, and cell cycle in NSCLC. This study was consistent with previous studies and extended the previous works. These results suggest that miR-421 might be a potential therapeutic target for NSCLC. Recent studies have demonstrated the important roles of miRNAs in the development and progression of NSCLC. For example, miR-99a enhanced the radiation sensitivity of NSCLC by targeting mTOR [19] , and mi-croRNA-485-5p suppressed growth and metastasis in NSCLC cells by targeting IGF2BP2 [20] . In the present study, we found that miR-421 expression was significantly upregulated in human lung cancer tissues compared with normal lung tissue and was correlated with NSCLC progression. Moreover, Kaplan-Meier analysis showed that higher miR-421 expression was significantly associated with shorter overall survival time in NSCLC.
Recent studies have revealed the important roles of miR-421 in human cancers and disease including breast cancer [21] , gastric cancer [22] , hepatocellular carcinoma [23] , pancreatic cancer [24] , LUAD [25] , chronic kidney disease [26] , adrenocortical tumors [27] , osteosarcoma [13] , nasopharyngeal carcinoma [28] , cardiovascular disease [29] , and inflammatory and thrombotic disorders [30] . A recent study showed that miR-421 was upregulated in NSCLC samples and promoted cell proliferation.
In this study, we performed gain of function assay and observed overexpression of miR-421 promoted NSCLC cell proliferation. Knockdown of miR-421 suppressed NSCLC cell proliferation. We also performed flow cytometric analysis and found miR-421-3p could significantly promote H1299 cell cycle progression by decreasing the proportion of cells in G1 phase and increasing the proportion of cells in S phase. Previous studies showed miR-421 could regulate apoptosis, autophagy, proliferation, metastasis, epithelial -mesenchymal transition, metabolism, and radiotherapy resistance in various kinds of cancer by targeting different genes, such as TLR, caspase-10, caspase-3, MEF2D, PFKFB2, and FOXO4. However, the potential mechanism of miR-421 regulating NSCLC progression remained unknown. In the present study, we performed a bioinformatics analysis for miR-421 to explore its potential mechanisms in NSCLC by using its targets. According to our analysis, we found that miR-421 was associated with transcription, protein monoubiquitination, positive regulation of G1/S transition of mitotic cell cycle, chromatin binding, poly(A) RNA binding, insulin signaling pathway, ubiquitin mediated proteolysis, and MAPK signaling pathway.
In order to explore the mechanisms of miR-421 underlying NSCLC progression, we detected the effect of miR-421 on insulin and MAPK-signaling regulators, including HK1, RAPGEF2, TRAF6, and RPS6KA3. We found that overexpression of miR-421 significantly suppressed the expression of HK1, RAPGEF2, TRAF6, and RPS6KA3 in A549 and H1299 cells. HK1 was a type of hexokinases, which was observed to be overexpressed in colorectal cancer, melanoma, and gastric cancer. RAPGEF2 played a key role in the development and maintenance of epithelia. However, its roles in human cancers remained unclear. TRAF6 acted as an NF-κB activator, whose expression was upregulated in urothelial bladder cancer, prostate cancer, and gastric cancer. TRAF6 was involved in regulating cancer cell metastasis and growth.
Conclusion
The present study showed that miR-421 was overexpressed in NSCLC and associated with a shorter overall survival time of NSCLC patients. Our results demonstrated that miR-421 might promote NSCLC cell proliferation and cell cycle progression. Taken together, the present study together with previous reports suggested that miR-421 might be a promising prognostic and therapeutic target for NSCLC.
